Resonant tunneling between Landau levels has been investigated by the time-of-flight technique. The peak photocurrent displays clear resonances due to resonant Landau level tunneling, when the applied electric field is increased. The experimental results are compared with a model calculation that allows scattering-mediated hopping between different Stark as well as Landau levels. Good agreement is obtained if magnetic-fieldinduced quenching of the scattering rate is incorporated in the model.
I. INTRODUCTION
Resonant tunneling between Landau levels ͑LL's͒ has been investigated in semiconductor heterostructures, e.g., in single and double barrier structures as well as superlattices ͑SL's͒. All experiments so far have been performed by recording the time-averaged current or conductivity as a function of the applied voltage. The resonances appear as extrema in the I-V characteristics, conductance, or second derivative of the I-V trace. [1] [2] [3] [4] In this paper we report on experiments using timeresolved photocurrent in the picosecond to nanosecond time regime to investigate resonant coupling of Landau levels. Due to the rather long transport times through a superlattice structure in comparison with a single or double barrier structure, it was possible to directly observe the resonant coupling of Landau levels. Furthermore, the experimental results are supported by model calculations, which reproduce the general features of the voltage dependence of the drift velocity rather well.
II. EXPERIMENT
We have investigated a GaAs-AlAs superlattice with 11.3-nm GaAs wells, 1.7-nm AlAs, and 50 periods. The SL and two significantly larger wells on each side of the SL are forming the intrinsic region of a p ϩ -i-n ϩ diode. The p ϩ and n ϩ regions consist of highly doped Al 0.5 Ga 0. 5 As layers. The sample has been grown by molecular-beam epitaxy on a ͑001͒-oriented n ϩ -GaAs substrate and processed into mesas of 120 m diameter with Ohmic contacts of Cr/Au on the top and AuGe/Ni on the substrate side. The top contact pad has a diameter of 70 m and therefore covers only 25% of the mesa area in order to ensure that carriers can be generated in the SL via illumination. Under a reverse bias voltage V A the applied electric field F A in the SL is given by F A ϭ(V BI ϪV A )/W, where V BI ϭ1.52 V is the built-in voltage and W is the width of the intrinsic region. In reverse bias no carriers are injected via the contacts.
Time-dependent photocurrent measurements are employed to study the vertical transport in this SL as a function of the applied electric field and magentic field at temperatures of 10 K and below. The principles and experimental details of this time-of-flight ͑TOF͒ technique are given in Refs. 4 and 5. Since the maximum of the photocurrent transient is directly proportional to the drift velocity of the generated electrons, 4, 5 the TOF measurements represent a powerful tool to study the tunneling dynamics of electrons in these samples. Typical values for the experimentally observed peak photocurrents are 10-100 A, keeping the total charge Q 0 of the generated electrons below Ϫ0.4 pC to avoid space-charge buildup and field inhomogeneities.
III. RESULTS

A. Experiment
The average drift velocity is obtained by measuring the photoexcited current and the photogenerated charge Q 0 , which is the integral of the photocurrent over the whole time range. Within a Gaussian transport model, the peak photocurrent is proportional to the drift velocity, 6 i.e.,
where W denotes the drift distance, which corresponds to the intrinsic width of the p ϩ -i-n ϩ structure. In Fig. 1 the measured drift velocity is shown for a 11.3-nm-1.7-nm GaAsAlAs superlattice at 0 ͑a͒ and 7 ͑b͒ T. The typical behavior at vanishing magnetic field consists of an Ohmic regime, where the drift velocity is proportional to the effective electric field ͑between 1.5 and 1.3 V͒, followed by a maximum and a subsequent decrease of the drift veloctiy. The regime beyond the maximum corresponds to the negative differential velocity regime, which also exists in bulk GaAs, but at much lower field strengths and with much larger peak velocities. After a minimum at 0.25 V, the drift velocity begins to increase again because of two mechanisms. The first one is the nonresonant tunneling background, the second one is the existence of tunneling resonances of different origin. The maximum at Ϫ1 V is attributed to tunneling between the lowest electronic subbands with the emission of an longitudinaloptical phonon. At even larger electric fields ͑lower voltages͒ resonant tunneling between the first and second electronic subbands is observed ͑not shown here, cf., e.g., Ref. 5͒.
The drift velocity recorded in a perpendicular magnetic field of 7 T, however, shows a very different behavior ͓cf. Fig. 1͑b͔͒ . Additional resonances are observed, which can be related to resonant tunneling between Landau levels. In Fig.  2 the resonance peaks are plotted in multiples of the magnetic energy ប c ϭបeB/m*, where m* denotes the effective mass. The slope of the straight line corresponds to an energy of 12 meV, in excellent agreement with the cyclotron energy of 12.1 meV at 7 T using the bulk effective mass of GaAs (m*ϭ0.067m). Although resonant Landau-level tunneling is only possible between Landau levels of the same index, this selection rule is violated by scattering due to phonons and/or lateral inhomogeneities such as interface roughness. We therefore assign the additional structures in the drift velocity to resonant Landau-level tunneling between the lowest LL in one well and a higher LL in the adjacent well. This interpretation will be supported by a model calculation of the transport properties of such a superlattice in a perpendicular electric and magnetic field.
In the following we will focus on the low-field regime. In Fig. 3 the peak drift velocity ͑a͒ and corresponding electricfield strength F max ͑b͒ are plotted versus the magnetic field strength between 0 and 7 T. Both quantities decrease with increasing magnetic field strength. This effect can be understood by comparing the results of the one-dimensional model of miniband transport by Ignatov et al. 7 with the numerical results of the three-dimensional model by Gerhardts. 8 However, the investigated superlattice has a rather negligible miniband width and the described models are not really applicable. The quantitative behavior, i.e., the rather linear dependence of the maximum drift velocity and the more quadratic dependence of F max , will therefore also be addressed in the next section.
B. Model calculations
The motion of a photoexcited pulse of charge is studied in a GaAs/AlAs superlattice with the parameters given above. The average velocity of the motion of the diffusing charges is calculated theoretically from the velocity picked up by the moving charges and from coherent quantum motion up to a scattering time of the order of a picosecond.
Longitudinal electric and magnetic fields are applied to the superlattice. In the absence of scattering, e.g., due to disorder or phonons, a longitudinal magnetic field would have no effect whatsoever on the motion of charges along the axis of the superlattice. However, the experiment clearly shows resonances due to the presence of Landau levels such that the separation of the Stark levels, or some simple fraction thereof, is equal to the separation ប c of the Landau levels. Such resonances are only expected if the levels exhibit a finite width.
The velocity of the pulse, which is of order 150 ms Ϫ1 , indicates a traversal of the superlattice within a few nanoseconds, while the expected scattering time for the carriers is of the order of a picosecond. Undoubtedly one must assume a diffusive process for the charge motion, but up to the scattering time the motion may be assumed to be determined by quantum coherence. The width of the levels ⌫ is related to the scattering time through ⌫ϭប/. Thus, if ⌫ϭ1 meV, then ϭ0.66 ps.
The experimental data show first a region of rising velocity with increasing electric field ͑Ohmic region͒, followed by a maximum and subsequent decrease due to Wannier-Stark localization. It is expected that the decrease will not begin until the separation of the Wannier-Stark levels is larger than their width. Therefore, the position of the peak should roughly be given by the criterion eaF c ϭ⌫, where a denotes the superlattice period and F c the critical field, which leads to a localization of the Wannier-Stark states. This criterion has also been given by Plessen et. al. 9 The time evolution equations valid up to approximately the scattering time are
Here n denotes the Landau-level index, p is the SL site, F is the electric field, and the set c n, p are the expansion coefficients of the wave function in terms of isolated well eigenstates. This set of equations is appropriate for a single miniband with hopping in one dimension only ͑tight-binding model͒. The sum over the index q on the right-hand side of Eq. ͑2͒ is over nearest neighbors, while the sum over m is over an unrestricted number of Landau levels. For the hopping coefficient n,m we take the form
where F measures the hopping amplitude between levels with the same Landau index, while B is the amplitude for hopping, when the conservation of Landau index is violated. Given an initial distribution c n, p (0) the solutions of Eq. ͑2͒ characterize the time evolution of the pulse as it propagates through the sample. Its average position at time t is ͗z͘ϭ ͚ n, p pc n,p * c n,p a.
͑5͒
Differentiating this quantity with respect to time and using Eq. ͑2͒ and the symmetry property n,m ϭ m,n , we get for the velocity of propagation in a large sample the expression This is a first-order differential equation with the solution
where A(0) is the value at tϭ0. Using this solution in Eqs. ͑8͒ and ͑9͒, the dynamics is that of a harmonic oscillator of period ប/eFa, the well-known Bloch period. Combining Eqs. ͑8͒ and ͑13͒ we get
͑14͒
If we start with a nonzero amplitude at a single site only, then A(0)ϭ0 and vϭ0 at all times. This result was obtained earlier in a many-band treatment by Bouchard and Luban. 10 The pulse will then spread with time, but not move at all in position. The same is true if the initial state is an eigenstate of the Hamiltonian. The eigenfunctions of Eq. ͑2͒ of Wannier-Stark energy qeFa are the Bessel functions c p ϭJ pϪq ͕͓2(F)/eFa͔͖.
11 Using these solutions and the summation properties of Bessel functions in Eq. ͑11͒ yields A(0)ϭ0, and once again the velocity is zero at all times. To obtain an effective motion of the carriers one must place finite values of the amplitudes initially on at least two consecutive sites.
In order to compare the results of this theory with experiment, we consider the average velocity v ϭ͓x(t)Ϫx(0)͔/t rather than the instantaneous velocity given by Eq. ͑14͒. Integrating the latter,
where the time t has been replaced by the collision time .
For values of small compared to the period of Bloch oscillations one obtains
͑F ͒F. ͑16͒
Thus, from Eq. ͑10͒ we see that for small fields the velocity grows linearly with the electric field, while at large fields it decreases as 1/F. In between, a maximum v m ϭaA(0)⌫ F /ប 2 is reached. The above analytic results hold when no magnetic field is present. We have obtained results for the case with magnetic field by numerical integration of Eq. ͑2͒. In Fig. 3 the results for the maximum field and peak drift velocity using this approach are included as crosses. The agreement between the calculated and the experimental values is quite good. The data were fitted using the parameter values F ϭ0.2 meV and ⌫ϭ6.0 meV at Bϭ0 T. At finite magnetic fields we varied ⌫ linearly down to the value ⌫ϭ3.9 meV at Bϭ7 T. While F was kept fixed, B was raised linearly from a value of 0 at zero magnetic field to B ϭ0.08 meV at Bϭ7 T. Up to nϭ8 Landau levels were included. Increasing this number did not lead to any significant changes in the results. As a time step we used ␦tϭ0.00125 and iterated Eq. ͑2͒ up to a total time of 0.4. Initially we set all amplitudes to zero except at three consecutive sites, where they were given the values ␤,ͱ1Ϫ2␤
2 , and ␤. In the results shown we used the value ␤ϭ0.025, so that the electron is initially well localized around a single site. In practice the displacement of the pulse is small on the time scale of the calculations, so that the boundary conditions at sites 1 and 50 are not a critical factor. One may take these edge amplitudes as zero. All amplitudes were normalized over the whole superlattice so that the current entering from the left equals the current flowing to the right.
Results as a function of applied bias are shown as solid lines in Figs. 4 and 5 for Bϭ0 T and 7 T, respectively. The squares denote the experimental data. In Fig. 4 the parameters F ϭ0.25 meV and ⌫ϭ5.5 meV were used, while for Fig. 5 we used F ϭ0.22 meV, ⌫ϭ4.0 meV, and B ϭ0.12 meV. These parameter values, slightly different from those given above, were chosen to stabilize the numerical procedure over the entire range of applied biases. The zero field curve has been added in Fig. 5 for the sake of comparison ͑dashed line͒. The agreement with the experimental results is quite good. However, there is an extra conduction channel operative for eaF values of 7 meV or more, which breaks the shape of the curve. One possible candidate for this chan- nel is relaxation between Stark levels by emission of multiple acoustic phonons. Also, a dark current may be present. Our calculation includes the hopping current only, thus missing the background contribution due to nonresonant tunneling or due to the dark current. This background, which is expected to increase roughly exponentially with the electric field, would then increase the calculated drift velocity bringing it into better agreement with the experimentally measured values.
The magnetic resonances given by the model and shown in Fig. 5 occur at the expected energies. The model suggests that there is some quenching of the scattering rate due to the magnetic field shifting the maximum drift velocity peak to lower energies for finite B. The same effect would be responsible for reducing the magnitude of this peak compared to the Bϭ0 T trace.
Similar time-dependent Schrödinger equation calculations have been performed before for a perfect lattice with no magnetic field.
11,12 The motion was followed over many periods and Wannier-Stark oscillations were readily observed. The dynamical details of our finite size scattering time model with magnetic field are rather complicated. In general as time evolves there is not one, but more than one peak into which the original localized wave function splits. The widths of these peaks, however, decrease with increasing electric field as required from localization considerations. If one starts with a broader initial pulse our results are qualitatively similar, although some boundary effects begin to appear.
IV. SUMMARY AND CONCLUSIONS
We have studied the drift velocity of a photoexcited electron pulse in a GaAs-AlAs superlattice under application of electric and magnetic fields along the growth axis. Besides the peak marking the transition from Ohmic conduction to Wannier-Stark localization, secondary peaks are observed in the negative differential velocity regime, which can be assigned to resonant Landau level tunneling. This interpretation is supported by model calculations of the transport properties of such a system. The comparison between our experimental and calculated drift velocities leads to the conclusion that the transport is mediated by scattering between different Stark, as well as Landau, levels.
